Key message Zn caused an increase of photosynthesis activity, carbohydrates and chlorophyll at the level 1-2.5 mM, while phenols revealed a continuous increase together with Zn increase in the medium. Abstract The aim of the present study was to determine the effect of various Zn application levels on some physiological, morphological and biochemical parameters of a hybrid Salix purpurea 9 triandra 9 viminalis 2. Plants were cultivated under control conditions with application of Zn in the range 0-5 mM. The effects on net photosynthesis rate (P N ), stomatal conductance (g s ), transpiration rate (E), intercellular CO 2 (C i ), chlorophyll a and b, carotenoids, growth, sugars and phenols were analysed. Our investigations confirmed a dual role of Zn, with benefits at the level 1-2.5 mM, and a decrease of measured photosynthesis activity, carbohydrates and chlorophyll below and above this range. Moreover, the decrease of these parameters at the highest Zn application did not reach the level of control plants. This means that this species may have further potential as an accumulator in polluted areas. However, phenols revealed a continuous increase together with Zn increase in the medium.
Introduction
Recently, there has been observed increasing concern about Zn concentration in the soil and water (Zarcinas et al. 2004) due to natural and human activities, such as mining and industrial processes, as well as agricultural practicesuse of fertilizers containing various heavy metals (Dudka et al. 1996) . On the other hand, there has also been reported a deficiency of this element in agricultural areas of India (Singh 2009) . Zinc is one of the trace elements with a dual role in the environment. Its high role in plant metabolic processes is already known. This element activates enzymes and is involved in protein synthesis involved in plant metabolism (nitrogen metabolism, photosynthesis and auxin synthesis) and in carbohydrate, nucleic acid and lipid metabolism. It is the only metal represented in all six enzyme classes (Broadley et al. 2007) . At appropriate concentrations, zinc increases plant productivity, growth and development of fruits (Vaillant et al. 2005) . The beneficial role of zinc is limited due to its concentration in the environment, as well as in plants, and its level is quite narrow: 15-100 ppm (Clemens 2006) . This element can be easily assimilated by plants from contaminated soils, exceeding the required level for plant nutrition. Plants affected by excessive levels of zinc exhibited similar symptoms as for other heavy metals. The effects included chlorosis, inhibited germination, stunted growth, reduced leaf number and area, reduced yield and reduced flower production. These symptoms are directly connected with plant functioning: such processes as photosynthesis, dysfunction of relevant enzymes, impairment of nutrient uptake, plant wilting and altered water relations (Prasad 2004; Deng et al. 2006; Dhir et al. 2008) . Excess zinc can cause an imbalance in proper functioning of transpiration, photosynthesis and photosynthetic electron transport, as well as biosynthesis of chlorophyll and cell membrane integrity (Richardson et al. 1993 ). This might be connected with formation of reactive oxygen species (ROS), which can affect photosynthetic activity as well as further plant growth (Cuypers et al. 2001) . Photosynthesis is affected by damage of photosynthetic apparatus, inhibition of electron transport, carbon fixation capacity and photophosphorylation potential (Küpper et al. 1996) . It was found that especially photosystem II (PS II) is affected by an excessive level of Zn (Vernay et al. 2007; Paiva et al. 2009; Janik et al. 2010; Dhir et al. 2011) , while on the other hand an increase of PS I activity supported the build-up of a transthylakoid proton gradient, which subsequently helped maintain the photophosphorylation potential (Dhir et al. 2011) . Previous investigations revealed a decrease of photosynthesis rate, due to a large reduction of stomatal conductance and the transpiration rate (Mukhopadhyay et al. 2013) , which might be connected with the effect of Zn excess on the photosynthetic apparatus (Prasad and Strzalka 1999) . Moreover, Zn could cause decreased activity of many chloroplastic and peroxisomal enzymes (such as RuBPC/O) and in turn a decrease of photosynthesis activity (van Assche et al. 1980) .
One of the visible symptoms of Zn excess can be chlorosis, because of the possibility of displacing other metals, such as Fe and Mg, due to a similar ion radius (Marschner 1995) , leading to metal-substituted chlorophylls of reduced functionality (Küpper et al. 1996) . Decline of photosynthetic pigments might also be caused by inhibition of the pigment's synthesis (Prasad and Prasad 1987) or direct oxidative damage of the pigments (Oláh et al. 2010) . As an effect of Zn deficiency and excess, a decrease of chlorophyll a and b was recorded, while a decrease of carotenoids was noted in the case of an excessive Zn level. Together with a high Zn level, chloroplast damage was observed, such as membrane rupture and thylakoid disintegration, which subsequently could affect the process of photosynthesis (Mukhopadhyay et al. 2013) . Determination of chlorophylls is an important parameter in ecophysiological research. Chlorophyll content is a useful estimation of primary productivity and has been used in bioassays of environmental stresses (Makinde and Akande 2012) . It provides valuable information about the physiological status of plants and can indicate the occurrence of metal intoxication. Moreover, it indicates indirectly the nutritional status of plants since much of leaf nitrogen is incorporated in chlorophyll (Moran et al. 2000) . Another group of pigments, the carotenoids, plays a structural role in the organization of photosynthetic membranes, participation in light harvesting, energy transfer, interception of deleterious free oxygen and organic radicals and quenching (Dobroviczká et al. 2013) . Therefore, both leaf pigment contents can be used as an indicator of metal toxicity.
The decrease of plant growth might be a consequence of the effect of Zn excess on photosynthesis as well as ROS production. In Zn-deprived leaves, vacuoles were characterised by electron dense material resembling phenolic compounds, and a phenol assay revealed elevated content of phenolic compounds (Mukhopadhyay et al. 2013 ). This was true for deficiency and excess of Zn (Kim and Wetzstein 2003) . Phenolics are wildly distributed secondary metabolites, enhanced biosynthesis of which is observed under metal stress (Michalak 2006) . They act as antioxidants due to the availability of their hydroxyls, and the number of hydroxyl groups in the structure affects antioxidant activity (Kováčik and Klejdus 2008) . Additionally, phenolics can also chelate metals (Michalak 2006) .
The aim of the study was to examine selected physiological, morphological and biochemical aspects of hybrid Salix purpurea 9 triandra 9 viminalis 2 response to various Zn levels. This work is a continuation and development of our previous studies (in press) about phytoextraction of Zn in selected organs and biomass of the tested hybrid, which is the most promising willow taxon within our whole collection. The presented data are an extension of numerous experiments performed in polluted areas in 2011-2013 in Poland. All our Salix taxa were verified as regards their abilities to use diverse aspects such as phytoextraction of trace elements, biomass and raw material, a substrate for the wood industry, the chemical industry and medicine. For this reason, the whole tested population was divided and the most promising plants were tested.
Materials and methods

Experimental design
This work is a continuation of our studies described by Goliński et al. (2015) , based on the same hydroponic experiment and experimental materials (2-year-old standardized rods of S. purpurea 9 triandra 9 viminalis 2 taxon collected from 2-year-old rootstock). In experiment, the modified Knop medium prepared according to Barabasz et al. (2010) 's methodology was used to grow Salix taxon in solutions without (control system-c) and with diverse addition of Zn: 0.1, 0.2, 1.0, 2.5 and 5.0 mMof Zn in Zn(NO 3 ) 2 6H 2 O form. Electrolytic conduction of the initial solution was 1.63 mS/cm (PN-ISO 1265 ? AC1:1997), while pH was 5.8 (PN-ISO 10390:1997) . One Salix cuttings was grown in one pot and in 6 replicates for each solution with concrete Zn addition. The pH of individual solutions was controlled using the automatic addition of 1 M HCl or 1 M KOH. This experiment lasted 21 days and was performed under controlled conditions (phytotron): relative humidity of 72 ± 4 %, temperature from 21 to 16 ± 1°C (day/night) and a 16-h photoperiod.
Photosynthetic activity investigations
Matured leaves were selected for measurements of photosynthetic activity. Four photosynthetic intensity parameters, such as net photosynthesis (P N ), stomatal conductance (g s ), C i intercellular CO 2 concentration and transpiration rate (E), were analysed with using the handheld photosynthetic system Ci 340aa (CID Biosciences Inc., Camas, USA). The stable conditions of investigations in the leaf chamber were provided: CO 2 inflow concentration [390 lmol (CO 2 ) mol -1 ], photosynthetic photon flux density (PPFD) 1000 lmol (photon) m -2 s -1 , chamber temperature 25°C and relative humidity 40 ± 3 %. Investigations were performed between 10:00 and 15:00 h. Water use efficiency of photosynthesis (WUE ph ) at leaf level was analysed as the relationship between net CO 2 exchange and transpiration from measurements of leaf gas exchange (Erice et al. 2011 ).
Chlorophyll content
Based on Hiscox and Israelstam (1979) , 5 cm 3 of DMSO was poured onto half-gram samples of willow leaves without petioles, which were then incubated at 65°C for one hour. After cooling, samples were 20-fold (DMSO) diluted and chlorophyll (Chl) and carotenoid (Car) content were determined spectrophotometrically (UV-VIS spectrophotometer, Jasco V 530) at three wavelengths (480, 649 and 655 nm). The pigment concentrations were read using the JascoQuantitative Analysis computer program. The contents of Car, Chl a, Chl b and total Chl a ? b were calculated according to the modified Arnon's formulas (Wellburn 1994) and expressed in milligrams of fresh weight of tissue.
Extraction of phenolic compounds
The willow leaves were grounded in liquid nitrogen to a fine powder and approximately 0.5 g was mixed with 10 ml of 80 % methanol. Samples were sonicated, then stirred for 1 h and centrifuged. The extraction was repeated twice. Both supernatants were mixed and stored at a cold temperature until the analyses.
Total phenolic content
The total phenolic content of was measured using FolinCiocalteu's method with some modifications (Dewanto et al. 2002) . The standard solution and the extract were mixed with 0.1 ml of Folin-Ciocalteu's reagent. After 3 min, 1 ml of 10 % Na 2 CO 2 solution was added. The absorbance at k = 765 nm was measured with a Cary 300 Bio UV-Vis spectrophotometer by Varian after 30-min incubation at room temperature. The total phenolic content was expressed as milligrams of gallic acid per gram of dry extract.
Total flavonoid content
Total flavonoid content was measured according to Lin and Tang (2007) and Choi et al. (2006) with some modifications. 250 ll of methanolic extract was mixed with 1.25 ml of distilled water and 75 ll of 5 % NaNO 2 . After 6 min, 150 ll of 10 % AlCl 3 and after the further 6 min 500 ll of 1 M NaOH and 275 ll of distilled water were added to the mixture. The absorbance was measured at 510 nm, and the total flavonoid content was expressed as mg rutin equivalents per g of dried extract.
Chromatographic analysis
Prior to analysis, dried methanolic extracts of leaf samples were dissolved in 1 ml of methanol. HPLC analysis was performed using a Waters Alliance 2695 Chromatograph coupled with a Waters 2996 Photodiode Array Detector. Chromatographic separation was performed on an RP C-18 column, 250 9 4 mm 9 5 lm, with an acetonitrile: 2 % aqueous acetic acid mixture (pH 2) used as an elution phase (gradient). Concentration of phenolic acids was determined using an internal standard at the wavelength k = 280 nm (gallic, p-hydroxybenzoic, p-coumaric acids) or k = 320 and 280 nm (ferulic and t-cinnamic acids), myricetin (C 15 H 10 O 8 ) k = 320 nm. Compounds were identified based on a comparison of retention time of the analysed peak with the retention time of the standard and by adding a specific amount of the standard to the analysed samples and a repeated analysis. Detection level was 1 lg g -1 .
Soluble carbohydrates
The sugars were extracted from samples of willow leaf of approximately 0.5 g for 60 min with 10 ml of ethanol/ water mixture (80:20, v/v) at 80°C (Johansen et al. 1996) . The extract was filtered through AP 200 1300 glass fibre pre-filters (Millipore). After solvent evaporation, 1 ml of mobile phase (acetonitrile/water, 75:25, v/v) 
Morphological parameters
Analysis of number and length of shoots was performed in each 21-day experiment, while the determination of leaf area and their total amount was done on the 1st and 21st days of the experiment only. The total leaf area was measured with a DOCUPEN RC 800 portable scanner with ABBYY FineReader 6.0 Sprint and Adobe Photoshop 9.0 software.
Statistical analysis
The data were analysed with the statistical software STA-TISTICA 9.1. Results were analysed with a factorial ANOVA with ''Zn level'' and ''day of measurement'' as fixed factors. Tukey's test was employed to analyse differences between measured parameters. A graphical presentation of Tukey's test results is provided in the present study. For determination of structure and rules in relations between variables, principal component analysis (PCA) was used. In this analysis, the orthogonal transformation of observed variables to a new set of non-correlated variables (components) was performed.
Results
One-way analysis of variance revealed a significant influence of Zn level on all photosynthetic activity parameters. The highest level of net photosynthesis rate was recorded for plants cultivated with Zn application at the level of 0.2 and 1.0 mM. The lowest level was noted for control plants. Plants treated at the highest Zn level showed a decrease of P N but did not reach the level of the control. Stomatal conductance was the highest for plants cultivated under 1.0 mM of Zn, and this time this parameter was affected by the highest concentration of Zn and a decline below the control level. The opposite response was noted for intercellular CO 2 concentration; hence, the lowest levels were noted for 0.1, 0.2 and 1.0 mM Zn concentrations, and the highest for 5.0. Transpiration rate revealed the highest level for 1.0 mM Zn and the lowest for control. Similarly as for P N , a decrease was noted at 2.5 and 5.0 mM, though not so high as for the control. Water use efficiency was at similar level for control and 0.1 and 0.2 mM of zinc. The lowest level was observed for 1.0 mM of Zinc, while an increase was observed for higher concentrations (Fig. 1) .
Chlorophyll content was the highest for plants treated with 2.5 mM Zn. Similarly as for photosynthesis rate, a decrease was recorded for plants treated with 5 mM Zn, but not as high as for the control or 0.1 mM Zn. A similar pattern was noted for carotenoids (Fig. 2) .
One-way analysis of variance revealed a statistically significant effect of Zn application level of glucose, fructose and sucrose in Salix purpurea 9 triandra 9 viminalis 2 leaves. All three carbohydrates showed an increase together with Zn level in the medium. The glucose and sucrose content rose from 23.033 (control) to 37.80 mg g -1 DW (5 mM of Zn) and from 18.018 mg g -1 DW (control) to 35.28 mg g -1 DW (5 mM of Zn), respectively. The fructose content increased from 23.79 (control) to 37.08 mg g -1 DW (5 mM of Zn); however, a similar level was recorded for plants with the three highest Zn applications (Fig. 3) .
Growth parameters showed a different pattern of response. Two-way ANOVA revealed a significant effect (a B 0.05) of Zn level on all measured plant morphological features (Table 1) . The highest shoot length (134.03 ± 8.17 cm) was noted for plants treated with Zn at the level 2.5, while the lowest was noted for 1.0 and 5.0 mM Zn (72.80 ± 10.42 and 72.87 ± 29.41 cm, respectively). A similar pattern, although not always statistically significant, was noted for number of shoots, leaves and leaf area (Fig. 4) .
Total phenol content significantly (a B 0.05) increased together with Zn level in the medium. For control, the content of phenolics was 9.516 ± 0.244, while at 5 mM of Zn it was 20.924 ± 0.099 mg g -1 GAE DW. Flavonoids also increased in comparison to the control from 4.148 ± 0.152 to 9.974e ± 0.396 mg g -1 rutin DW, but especially so between 2.5 and 5.0 mM Zn levels. In the control, both phenolic acids (trans-cinnamic acids and their derivatives: chlorogenic, p-coumaric and ferulic and derivatives of benzoic acids: vanillic and synaptic) and flavonoids (myricetin and quercetin) were found. Ferulic acid even showed a decrease for the two lowest Zn application levels, while a significant increase was noted for the two highest Zn levels. The concentration of chlorogenic and vanillic acids did not change under Zn application. Sinapic acid showed a slow increase together with Zn c Fig. 1 Mean ± SE of P N net photosynthesis rate (a), C i intercellular CO 2 concentration (b), g s stomatal conductance (c), E transpiration rate (d) and WUE ph water use efficiency (e) in Salix leaves at different Zn application levels. Different letters denote significant differences at level a = 0.05; F statistics of one-way ANOVA with Zn level influence factor (**a B 0.01; ***a B 0.001) increase in the medium. The p-coumaric acid concentration only for 0.2 and 2.5 mM of Zn was significantly different than in the control. Trans-cinnamic, myricetin and quercetin showed a dynamic, significant increase (Table 2) .
Principal component analysis revealed a negative relation between P N , g s and Zn accumulation in leaves, while a positive relation was noted for C i and Zn accumulation in leaves and shoots. Chlorophyll and carotenoids were found as positively related to P N , E, g s and Zn in shoots and leaves. Similar relations to photosynthetic activity and Zn accumulation in plant organs were observed for carbohydrates. A slightly negative relation of morphological parameters and photosynthetic activity parameters and Zn accumulation was observed. For phenol relations, only total phenols and flavonoids were related due to similar tendencies of all of them. A positive relation was found between phenols, flavonoids and Zn accumulation in leaves and shoots, as well as with intercellular CO 2 concentrations. The lack of a relation or a slightly negative relation of above-mentioned parameters was noted for P N , E and g s (Fig. 5) .
Discussion
Zinc is known for its importance for proper plant functioning. Hence, some amount of this element is necessary, while exceeding this optimum might negatively influence plants. On the other hand, there is a group of plants with (Yanqun et al. 2005) . Zinc is also an important element for the process of photosynthesis, the photosynthetic apparatus and pigments. However, high levels can cause an imbalance of this process, due to disturbance of stomatal opening and in consequence photosynthesis intensity. There was also found a specific effect on the Calvin cycle (Chaney 1993 ) and photosystem activities (van Assche and Clijsters 1986). The disturbances of g s and P N can cause higher accumulation of CO 2 . Our investigations confirmed the beneficial role of zinc at a certain level, while deficiency and excess of this element caused a decrease of photosynthesis intensity parameters. This was also shown in research on tea plantlets (Mukhopadhyay et al. 2013) . However, the decrease in P N for 5 mM Zn was not so high, as Fernandez et al. (2012) noted in their investigations with two poplar clones. They even found a decrease of P N , g s and E for 1 mM in comparison to control. Similar results were also obtained in four Datura species, where similar Zn solutions were applied, and they showed a decrease of P N and g s , while C i increased together with Zn increase in the medium (Vaillant et al. 2005 ).
On the other hand, the beneficial role of Zn for plants was also observed in relation to other heavy metals; e.g. Ali et al. (2000) found that Zn can improve photosynthesis and stomatal conductance under Cd stress. However, they did not observe any changes of P N and g s of plants cultivated without Cd and an increasing Zn level. Our investigations also revealed the beneficial role of Zn on water exchange, with an increase for 1 mM Zn application, while inhibition was observed below and above this level. It was previously found that Zn excess can affect water use efficiency and in consequence merely act on chloroplast functions (Clijsters and van Assche 1985) . It was also found that Zn plays a structural role of cell membrane component, and in conditions of Zn deficiency a cell membrane integrity can be noted, and as a result higher membrane permeability can be observed (Weich et al. 1982) . Zn plays an important role to protect lipids from membrane damage and proteins from peroxidation caused by reactive oxygen species (ROS) (Alloway 2008) and furthermore in protection against water losses. The beneficial role of small concentrations of zinc on WUE was also observed in our investigations, while higher concentrations caused sudden decrease of WUE and did not reach the level comparable to the control. This probably can also cause a negative effect on photosynthesis intensity. Both photosynthesis and transpiration, in response to excess of zinc, are related to stomatal closure. Zn was found to inhibit net photosynthesis by increasing stomatal closure and mesophyll resistance to CO 2 uptake (Prasad and Strzalka 1999) . It was also discovered that Zn stress inhibited K ? uptake, and decrease of stomatal conductance may be related to an alternation in the K ? /Ca 2? ratio in the guard cells and/or to the abscisic acid concentration, which controls the stomatal movement (Marschner 1995) .
Many studies have proved that photosynthetic pigment content may reflect plant sensitivity to stress conditions, including heavy metals. Contrary to many studies, in Zntreated willow plants higher chlorophyll (Chl) accumulation than in controls was observed. Reduced Chl content in different plant species has been well documented (Prasad Fig. 5 Principal component analysis of photosynthetic activity parameters with various parameters measured in leaves and Strzalka 1999; Mishra and Dubey 2005; Aggarwal et al. 2012) , suggesting that heavy metal ions could interfere with Chl biosynthesis either through central Mg ion substitution or through direct inhibition of enzymatic steps (Cenkci et al. 2010; Pourraut et al. 2011) . The increase in Chl content in willow leaves may be regarded as an adaptive mechanism to toxic conditions. This indicates that the primary metabolism is not subject to change. Probably, it could be preserved by the mechanisms leading to the accumulation of metal chelate in the vacuole. Pigment content in plants is characteristic for each species and even cultivar. Chl accumulation in Zn 2? treatment plants depends on the individual tolerance toward zinc toxicity. There are a few reports that have shown the enhancement of pigments after exposure to metals (Mishra and Dubey 2005) . We also observed a slight increase of Chl a ? b, as in the case of barley leaves that were grown in the presence of Zn for 7 days (Stiborova et al. 1986 ). Moreover, the chlorophyll ratio (Chl a/b), which is used as a stress indicator, was close to the control. Usually, in plants exposed to high concentrations of metals this ratio (Chl a/b) decreases (Krzesłowska et al. 2010) . In our studies, it increased slightly, only in stressed plants, together with enhancing concentrations of Zn ions, similarly to bean seedlings (Phaseolus vulgaris) under different Cd, Cu and Pb doses (Zengin and Munzuroglu 2005) and to black crowberry (Empetrum nigrum) leaves near a Cu and Ni smelter in the field (Monni et al. 2001) .
Also carotenoids are involved in several aspects of photosynthesis. They protect chloroplasts from excess energy. As antioxidants they defend against photooxidative damage, by quenching singlet-state chlorophyll and ROS and inhibiting lipid peroxidation under stress conditions (Kenneth et al. 2000; Hou et al. 2007; Sengar et al. 2008) . The carotenoid content increased with the increase in concentration of Zn ions, indicating cell protection against oxidative changes, similarly as in the previous studies on other species (Tewari et al. 2002) . We also observed an increase in chlorophyll/carotenoid ratio (Chl/Car). This ratio is analysed as an indicator of the specificity of metal interaction with pigments, and its value depends on the type of metal and the growth stage of plants used in experiments (Myśliwa-Kurdziel and Strzałka 2002). After two-week copper treatment of 4-week-old spinach and oat plants, a slow rise in this ratio was observed (Baszyński et al. 1988) . Also nickel applied to etiolated bean during greening increased the Chl/Car ratio (Krupa et al. 1993) . Although the authors of these studies suggest that this is evidence of the slightly stronger inhibition of Car accumulation than that of Chl, in our research carotenoid content increased.
The Zn stress induced increases of glucose, fructose and sucrose in leaves of Salix. In regular plant metabolism, assimilates are produced in leaves, then transferred to different tissues and stored in response to sink-source relations regulated by partitioning of starch and sucrose biosynthesis (Taiz and Zeiger 2006) . Generally, metal stress caused changes in carbohydrate concentrations in leaves of plants. The obtained results confirmed our earlier studies concerning the influence of metals (Ni and Cu) on accumulation of soluble sugars in leaves Gąsecka et al. 2012) . In leaves of Camellia sinensis, the excess of Zn caused a drop of soluble and reducing sugars (Mukhopadhyay et al. 2013) . It was also documented that other metals such as Ni or Cu stimulate accumulation in leaves or needles of Salix sp. and Pinus sylvestris. The enhanced concentration of the sugars in leaves probably is a result of disturbances in starch hydrolysis, as was suggested in earlier studies (Taiz and Zeiger 2006; Drzewiecka et al. 2012 ). Other studies indicated that the consequences of the accumulation of assimilates were changes in the rate of photosynthesis and disturbances in the sink/source balance within a plant, leading to premature senescence (Wingler et al. 2006; Tholen et al. 2007) . In several studies, sugars were postulated to be signalling molecules controlling gene expression and developmental processes in plants (Morkunas et al. 2005; Hanson and Smeekens 2009) .
Our results showed increased concentrations of total phenolics, total flavonoids and individual components under Zn stress, pointing to their important role in detoxification mechanisms. Accumulation of phenolics in leaves under metal exposure has also been observed in other studies, e.g. in Salix viminalis under Cu and Ni exposure Gąsecka et al. 2012) , in Camellia sinensis under Zn excess (Mukhopadhyay et al. 2013 ) and in Vaccinium myrtillus near an Zn-Pb smelter (Białońska et al. 2007) . Among the phenolic acids, derivatives of t-cinnamic acids, especially chlorogenic acid (Niggeweg et al. 2004) , have strong antioxidant activity. Zn did not affect chlorogenic acid and the same was confirmed for vanillic acid. The other phenolics exhibited significantly elevated concentrations under Zn exposure. In other studies, the concentration of phenolic acids changed under exposure to different metals, e.g. in Tillandsia albida the increase of vanillic and caffeic acids under Cd and Cd ? Ni stress was observed, while chlorogenic acid concentration increased under Ni exposure but decreased under Cd exposure, and p-coumaric acid did not have an effect on metal concentrations (Kováčik et al. 2012 ). In the alga Scenedesmus quadricauda under Cu stress conditions, the elevation of all generally detected phenolic acids was documented (Kováčik et al. 2010) . Our results suggested that under Zn excess phenolics play an important role in response of Salix plants.
Conclusions
Overall, the investigations revealed the important role of Zn for Salix purpurea 9 triandra 9 viminalis 2. Moreover, a decrease of photosynthetic activity parameters at the highest Zn application did not reach the level of control plants. Similar results were noted for chlorophyll, carotenoids and carbohydrates. This means that this taxon can have further potential as an Zn accumulator in polluted areas. Phenols revealed a continuous increase together with Zn increase in the medium. 
